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Part I Apparatus 

The n u c l e a t i o n  o f  f a t i g u e  c r a c k s  a p p a r e n t l y  o c c u r s  on t h e  s u r f a c e  o r  

n e a r  t h e  s u r f a c e  of t h e  m a t e r i a l  t e s t e d .  The s e r i e s  o f  exper iments  t h a t  w i l l  

b e  d e s c r i b e d  i n  t h e s e  r e p o r t s  w i l l  b e  concerned w i t h  t h e  e v a l u a t i o n  o f  t h e  

e f f e c t s  o f  s u r f a c e s  and environment on t h e  n u c l e a t i o n  and growth o f  f a t i g u e  

c r a c k s .  The m a t e r i a l  chosen was copper because  of t h e  l a r g e  amount of 

q u a n t i t a t i v e  i n f o r m a t i o n  abou t  t h i s  f a c e - c e n t e r e d - c u b i c  meta l  found i n  t h e  

l i t e r a t u r e ,  I n  o r d e r  t o  change t h e  s u r f a c e  c h a r a c t e r i s t i c s ,  g o l d  was d i f -  

fused  a  s h o r t  d i s t a n c e  i n t o  t h e  s u r f a c e ;  environmental  changes were accom- 
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p l i s h e d  by conduct ing t h e  f a t i g u e  t e s t s  i n  vacuum (10 t o c r )  o r  i n  oxygen 

(50 t o r r )  . 
The f a t i g u e  machine was s p e c i f i c a l l y  developed f o r  t h e s e  t e s t s  and 

was a  c o n s t a n t  t o t a l  s t r a i n  ampl i tude  dev ice .  S i n c e  a  r e v e r s e  bend f a t i g u e  

t e s t  on s i n g l e  c r y s t a l s  o f  abou t  1.0 mm t h i c k  was employed, t h e  c y c l i n g  

d e v i c e  produced o s c i l l a t i n g  loads  o f  l e s s  t h a n  500 grams. A measuring 

system was developed t o  record  t h e  load  a p p l i e d  and t h e  s t r a i n  ampl i tude  

d u r i n g  t h e  f a t i g u i n g  o f  t h e  specimen. 

Design and C o n s t r u c t i o n  o f  Apparatus  

F i g u r e  1 i s  a  b l o c k  diagram of t h e  f a t i g u e  a p p a r a t u s .  The s i n g l e  

c r y s t a l  c a n t i l e v e r  specimen i s  con ta ined  i n  a  chamber t h a t  can be  evacu- 

a t e d  o r  f i l l e d  w i t h  t h e  d e s i r e d  atmosphere.  The load  i s  a p p l i e d  through a  

p rov ing  r i n g  by a  v e r t i c a l  rod ex tend ing  t o  t h e  t r a n s m i s s i o n  which c o n v e r t s  

r o t a r y  motion i n t o  r e c i p r o c a t i n g  motion. The ampl i tude  d i sp lacement  from 

t h i s  g e a r  box i s  a d j u s t a b l e  t o  a  maximum of  3mm. The c y c l i c  f requency i s  

a d j u s t e d  by u s i n g  a  s e r v o  motor i n  c o n j u n c t i o n  w i t h  a  Master  Motor C o n t r o l  

manufactured by E l e c t r o c r a f t .  The f r e q u e n c i e s  used i n  t h e s e  t e s t s  were 

between 20 and 60 cps.  S e v e r a l  p rov ing  r i n g s  were employed i n  t h e s e  ex-  

pe r iments ;  they  we= des igned  t o  measure l o a d s  up t o  500 grams w i t h  a min~mum 

of vertical deflection, By placing an i r o n  core along the displacement rod 

and using a P1eb~Ee-i~-Packard DCDT, the  ~ r a l z s % a t i o a  of tlie rod  was c_c~aLknu 

o u s l y  moni tored,  T h i s  d i  splacement s i g n a l  was d i r e c t l y  no ted  on an  o s c i l l o -  



scope s o  t h a t  f i n e  a d j u s t m e n t s  of  t h e  ampl i tude  o f  t h e  displaccrnent were 

p o s s i b l e ,  The c y c l i c  wave produced was s i n u s o d a l ,  

F i g u r e  2 shows t h e  environment chamber opened; t h e  specimen, clam, 

and p r o v i n g  r i n g  a r e  shown. The d i a m e t e r  o f  t h e  p r o v i n g  r i n g  i s  abou t  

1 , 5  i n c h e s .  The bottom o f  t h e  c l o s e d  chamber i s  shown i n  F i g u r e  3 .  The 

arrangement  o f  t h e  s e r v o  motor ,  t r a n s m i s s i o n  and DOT a r e  shown c l e a r l y .  

I n  o r d e r  t o  a d j u s t  t h e  v e r t i c a l  rod s o  t h a t  t h e  c a n t i l e v e r  d e f l e c t e d  

symmet r i ca l ly  abou t  i t s  n e u t r a l  a x i s ,  a  d i f f e r e n t i a l  screw was i n t r o d u c e d  

above t h e  DCDT, T h i s  i s  i n d i c a t e d  by mechanical  z e r o  i n  F i g u r e  3 .  

The l o a d  was moni tored i n  s e v e r a l  ways. The s i g n a l  from t h e  p r o -  

v i n g  r i n g  was a m p l i f i e d  by a  Burr-Brown s t r a i n  gage a m p l i f i e r  and observed 

on t h e  c s c i l l o s c o p e .  I f  t h e  d i sp lacement  s i g n a l  i s  connected t o  t h e  X 

t e r m i n a l  and t h e  load s i g n a l  i s  connected t o  t h e  Y t e r m i n a l  of  t h e  o s c i l l o -  

scope,  a  h y s t e r e s i s  t r a c e  w i l l  r e s u l t .  Thus,  t h e  o s c i l l o s c o p e  can be  used 

t o  fo l low t h e  dynamic changes d u r i n g  t h e  t e s t ,  I n  o r d e r  t o  o b t a i n  a  p e r -  

manent r ecord  o f  t h e  change i n  l o a d ,  t h e  a m p l i f i e d  s i g n a l  from t h e  p r o v i n g  

r i n g  was r e c t i f i e d  by a  b r i d g e  r e c t i f i e r  and t h e n  recorded  on a  m i l l i -  

v o l t  s t r i p - c h a r t  r e c o r d e r .  The r e c o r d e r  was on d u r i n g  t h e  e n t i r e  l i f e  o f  

t h e  specimen and was a d j u s t e d  t o  t u r n  o f f  t h e  motor when t h e  specimen b r o k e  

o r  a  g iven  drop of  load  o c c u r r e d .  

I n  o r d e r  t o  e l e c t r i c a l l y  a d j u s t  t h e  n e u t r a l  p o s i t i o n  of  t h e  c a n t i l e v e r  

beam a  D.C .  m i l l i v o l t  me te r  was i n t r o d u c e d  i n t o  t h e  c i r c u i t ,  F o r  symmetr ica l  

bending,  t h e  v o l t a g e  produced a t  t h e  maximum and minimum d e f l e c t i o n  a m p l i t u d e s  

i s  e q u a l  and o p p o s i t e .  A f requency c o u n t e r  and t o t a l  c y c l e  coun te r  was used 

s o  t h a t  t h e  f requency was a d j u s t e d  a c c u r a t e l y  and t h e  t o t a l  number o f  c y c l e s  

was r e c o r d e d ,  Although t h e  system was adequa te  f o r  t h e s e  p r e l i m i n a r y  exper -  

imen ts ,  some improvements on t h e  mechanical  and e l e c t r o n i c  system a r e  d e s i r a b l e  

f o r  t h e  f u t u r e  work, 

Specimen: 

S i n g l e  c r y s t a l s  of  h i g h  p u r i t y  copper  (99,999%), grown by a Bridgeman 

t e c h n i q u e ,  were  used a s  specimens.  I n  o r d e r  t o  develop a  c o n s t a n t  s h e a r  s t r e s s  



on t h e  slip system on t h e  s u r f a c e  o f  t h e  crystal, t h e  crystals were grown as 

a t a p e r e d  beam of a t h i c k n e s s  of b,O mm and a  l e n g t h  of about  5 . 0  cm. The 

w i d t h  was t a p e r e d  LO0 so t h a t  i n  t he  gage Length t h e  w i d t h  i n c r e a s e d  from 

Assuming a  s imple  beam t h e o r y  t h e  s t r e s s e s  o and 0 a r e  found t o  11 12 
be  

where t h e  f r e e  end o f  t h e  c a n t i l e v e r  beam i s  t h e  o r i g i n  o f  t h e  c o o r d i n a t e  

system and x  ( d i s t a n c e  i n  t h e  t h i c k n e s s  d i r e c t i o n )  i s  measured from t h e  2 
n e u t r a l  a x i s .  The f o r c e  P2 i s  a p p l i e d  t o  t h e  f r e e  end o f  t h e  beam. The 

t h i c k n e s s  of t h e  c r y s t a l  i s  h  w h i l e  W(x ) i s  t h e  wid th  a s  a  l i n e a r  f u n c t i o n  1 
of a  d i s t a n c e  a l o n g  t h e  l e n g t h .  

I f  t h e  r e s o l v e d  s h e a r  s t r e s s  on t h e  s l i p  p l a n e  i s  g iven by 

then  



b 
A t  o r  n e a r  t o  t h e  s u r f a c e  x rr - 

2 2 
and t h e  second t e n n  i n  the b r a c k e t s  is 

small and assumed t o  b e  z e r o ,  Thus ,  t h e  r e s o l v e d  s h e a r  s t r e s s  in t h e  

s u r f a c e  l a y e r s  i s  t h e n  

6x S i n c e  1 is  c o n s t a n t  f o r  a l l  specimens t h e n  
w (xi> 

ol; = - P2Ccu11%! 1 
2  

h  

i s  t h e  r e s o l v e d  s h e a r  s t r e s s  f o r  v a r i o u s  t h i c k n e s s .  A more complete  

d e s c r i p t i o n  of  t h e  s t r e s s  d i s t r i b u t i o n  f o r  t h i s  shape o f  specimen 
-L 

l e a d s  t o  n e a r l y  t h e  same r e s u l t s .  

A l l  c r y s t a l s  were  annea led  i n  a  h i g h  vacuum f o r  48 hours  a t  

780°c,  t h e n  e l e c t r o p o l i s h e d  i n  p r e p a r a t i o n  f o r  t h e  f a t i g u e  o r  t h e  

c o a t i n g  of gold .  A l a y e r  o f  5 0 0 i  of  go ld  was vapor  d e p o s i t e d  o n t o  

two o p p o s i t e  f a c e s  o f  one  group of  specimens.  These were d i f f u s i o n -  

annea led  t o  c r e a t e  t h i n  s o l u t e  l a y e r s .  Using d i f f u s i o n  d a t a  ex t ropo-  

l a t e d  t o  t h e  a n n e a l i n g  t empera tu re  employed i n  t h i s  exper iment ,  a  

p r o f i l e  o f  composi t ion n e a r  t h e  s u r f a c e  was determined;  t h e  s u r f a c e  

composi t ion i s  abou t  0 .11  w h i l e  2m i s  abou t  6 .54 p .  See f i g u r e  5 .  

A f t e r  t h e s e  t r e a t m e n t s  t h e  specimens were s t o r e d  i n  a dry  

atmosphere u n t i l  t e s t e d .  

2k F i g u r e  4 i s  a  p l o t  o f  t h e  maximum s t r e s s  a t  t h e  specimens s u r f a c e ,  It 

is  noted t h a t  a t  t h e  narrow end t h e  stress l e v e l  i s  101.1, T h e  s t r e s s  

i s  n e a r l y  c o n s t a n t ,  however, th roughout  t h e  major p o r t i o n  of t h e  bean[, 



EFFECT OF ENVIRONMENT I N  FATIGUE OF COPPER CRYSTALS 

INTRODUCTION TO PART I1 

Sing le  c r y s t a l s  of high p u r i t y  copper were f a t i gued  a t  low s t r a i n  
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ampli tudes of  about  10 i n  var ious  environments. The t e s t s  were conducted 
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i n  vacuum (10 t o r r )  o r  i n  oxygen (50 t o r r ) ,  The su r f ace  condi t ions  of t h e  

copper c r y s t a l s  were a l t e r e d  f o r  some of t h e  t e s t s  by c r e a t i n g  a  d i f f u s i o n  

l a y e r  of gold t h a t  extended about 2000 1 below t h e  sur face .  

The f a t i g u e  appara tus  was designed t o  g ive  cons tan t  displacement i n  

f l exu re ,  During t h e  t e s t s ,  t h e  hardening and energy l o s s  a s  a  func t ion  o f  

t h e  number of cyc l e s  were recorded. I n  a d d i t i o n ,  o p t i c a l  and scanning e l e c t r o n  

microscope observa t ions  of t h e  su r f aces  were made a t  t h e  end of t he  t e s t s .  

P a r t  I of t h i s  r e p o r t  i s  a  d i scuss ion  of t h e  appa ra tu s ,  experimental  des ign  

and the  s e n s i t i v i t y  of t h e  system. P a r t  I1 i s  concerned wi th  microscope 

observa t ions  of t h e  su r f aces  a f t e r  t r ea tmen t s ;  and P a r t  111 i s  a  p r e s e n t a t i o n  

of  t h e  experimental-mechanical da ta .  



PART 11: OBSERVATIONS OF SURFACES OF PATLCUEU COPPER CRYSTALS, 

1, O p t i c a l  Microscopy 

1,l Pure copper s i n g l e  c r y s t a l s  f a t i gued  i n  oxygen 

The o p t i c a l  microscope i n v e s t i g a t i o n  of  t h e  su r f ace  of t h e  

f a t i gued  specimen a f t e r  t h e  t e s t s  showed r e l a t i v e l y  c l e a r  su r f aces ,  f r e e  of 

s l i p  markings o r  p e r s i s t a n t  s l i p  l i n e s  except  near  t h e  reg ion  of t h e  f r a c t u r e .  

Within 0.5mm of t h e  f r a c t u r e  many s l i p - l i n e - l i k e  s t r i a t i o n s ,  most of which co r -  

responded t o  t h e  primary s l i p  system were observed. I n  t h e  o p t i c a l  microscope, 

however, t h e  c h a r a c t e r  of t h e  l i n e s  were q u i t e  d i f f e r e n t  from t h e  appearance of  

o rd inary  s l i p  l i n e s  s i n c e  t h e  observed l i n e a r  p a t t e r n s  contained s e r r a t e d  i r -  

r egu la r  markings. F igure  6 i s  a  composite showing t h e  arrangement of t h e  

s e r r a t e d - s l i p  l i n e s  nea r  t h e  f r a c t u r e  s u ~ f a c e .  (The o r i e n t a t i o n  of t h i s  

c r y s t a l ,  specimen 12, i s  shown i n  F igure  7.)  The d e n s i t y  of t h e  s e r r a t e d  

s l i p  l i n e s  i nc reases  from s e v e r a l  c l u s t e r s  u n t i l  t h e  e n t i r e  su r f ace  i s  

covered n e a r  t h e  f r a c t u r e  sur face .  

The reg ions  between t h e  s e r r a t e d  s l i p  c l u s t e r s  a r e  shown c l e a r l y  i n  

F igure  8; f i n e  l i n e s  p a r a l l e l  t o  t h e  primary l i n e s  a r e  seen. I n  a d d i t i o n ,  a  

secondary p a t t e r n  i s  a l s o  noted i n  8a. Small s e r r a t i o n s  a r e  arranged i n  a  

l i n e a r  a r r a y  i n  a d i r e c t i o n  which, f o r  t h e  most p a r t ,  i s  p a r a l l e l  t o  t h e  

c ros s  s l i p  d i r e c t i o n .  I n  F igure  8b,  an  a r ea  taken  from another  p a r t  of t h i s  

specimen, t he se  s e r r a t i ~ n s  a r e  a l i gned  gene ra l l y  a long a  d i r e c t i o n  which i s  

def ined  by t h e  c r i t i c a l  s l i p  system (see  i n  F igure  8b) ,  These s e r r a t i o n s  

were i d e n t i f i e d  c l e a r l y  a s  ex t ru s ions  by scanning e l e c t r o n  microscopy. 

I n  t h e  r eg ion  ad j acen t  t o  a  small  g r a i n  which was found i n  t he  c r y s t a l ,  

t h e  p a t t e r n  of l i n e s  shows t h a t  t h r e e  s l i p  systems, primary, c r o s s ,  and c r i t i c a l ,  

were a c t i v e  du r ing  f a t i gue .  Th i s  is  i l l u s t r a t e d  i n  F igures  9 and 10. S ince  

t h e  i n t e r s e c t i o n  of t h e  primary and conjugate  systems w i t h  t h e  sur face  r e s u l t  

i n  n e a r l y  p a r a l l e l  l i n e s ,  t h e s e  two systems can not  be i d e n t i f i e d  independent ly .  



2, Scanning E lec t ron  Nicroscopy 

2 , l  Pure c r y s t a l  f a t i gued  i n  oxygen 

Many of t h e  gross  f e a t u r e s  observed on copper f a t i gued  i n  

oxygen a r e  s i m i l a r  t o  those  when t h e  t e s t s  were c a r r i e d  ou t  i n  high vacuum. 

I n  a  l a t e r  s e c t i o n  of  t h i s  r e p o r t ,  t h e  d i f f e r e n c e s  w i l l  be discussed.  

The scanning e l e c t r o n  microscope photomicrographs gave e x c e l l e n t  d e t a i l  

of t h e  s e r r a t e d  s l i p  l i n e s ,  F igure  l l a  i s  a  low magni f ica t ion  of  t h e  s u r f a c e ,  

near  t h e  f r a c t u r e ,  which contained many s u r f a c e  l i n e s ,  It i s  obvious t h a t  t h e  

c h a r a c t e r i s t i c s  of  t h e s e  l i n e s  a r e  d i f f e r e n t  t han  t h e  s l i p  l i n e s  which a r e  

produced by non-cycl ic  p l a s t i c  deformation. Ext rus ions  a r e  i n  profusion.  

I n  f a c t  a l l  su r f ace  l i n e s  i n  t h i s  photomicrograph con ta in  ex t ru s ions .  These 

s t r u c t u r e s  a r e  developed on t h e  primary s l i p  l i n e s ;  however, a  second pseudo- 

o r i e n t a t i o n  r e l a t i n g  t h e  p o s i t i o n s  of t h e  ex t ru s ions  i s  observed. These 

p a t t e r n s  can be seen a t  A_ of Figure 11 a.  F igure  l l b  i s  a  h igher  magnifi-  

cation. Two types  of ex t ru s ions  a r e  p re sen t ;  i n  t h e  a r ea  of  a  c l u s t e r  of  

primary l i n e s  a t  I?;, t h e  ex t ru s ions  have a  bra ided  appearance ( see  F igures  

l l b  and l l d ) .  I n  narrow s t r i a t i o n s  however, t h e  ex t ru s ions  do not  have 

t h e  bra ided  appearance and they a r e  c l e a r l y  e longated i n  t h e  d i r e c t i o n  of  t h e  

Burgers vec tor .  Th i s  condi t ion  i s  shown i n  F igure  l l c ;  t h e  Burgers vec to r  i s  

denoted by g. The ex t ru s ions  a r e  always a l i gned  a long  s l i p  p lanes  w i t h i n  o r  

ad j acen t  t o  v a l l e y s  i n  t h e  su r f ace ,  These v a l l e y s  correspond t o  i n t r u s i o n s .  

I n  a d d i t i o n  t o  t h e  a c t i v i t y  on the primary s l i p  system, f a i n t  c r o s s  s l i p  l i n e s  

can be s e e  a t  & i n  F igure  l l c ,  I n  c e r t a i n  reg ions  t h e r e  seems t o  be a  r e l a t i o n -  

sh ip  between t h e  spac ing  of t h e  i n t r u s t i o n s  and t h e  i n t e r s e c t i o n s  of t h e  c ros s  

s l i p  system. 

Ca re fu l  observa t ions  of t he se  ex t ru s ions  r e v e a l  t h a t  t h e  ex t ru s ion  tongues 

a r e  a  laminate of s e r e r a l  l a y e r s  of metal  i n  a  composi te- l ike s t r u c t u r e .  Th i s  

arrangement is  shown c l e a r l y  i n  F igures  12a and 12b a t  L. The ex t ru s ion  a t  

seems t o  have been squeezed from t h e  v a l l e y  and has  been bent  over i n  t h e  process .  

The i n t r u s i o n s ,  1, a r e  q u i t e  Long and appear t o  be deep, The edge a t  t h e  i nke r -  

s e c t i o n s  of i n t r u s i o n s  w i t h  t h e  su r f ace  have rounded corners  un l ike  s l i p  l i n e s ,  

A small  I n t r u s t i o n ,  L, i s  observed i n  Figure f 2 e  w i t h  no corresponding e x t r u s i o n ,  

This  kind of observa t ion  i s  Less f requent  "ran t h e  long -val ley- l ike i n t r u s i o n s  



that contain many extrusions, 

Figure  13 ( a s  t he  o p t i c a l  micrograph i n  F igure  10) i l l u s t r a t e s  t he  

s t r u c t u r e  r e s u l t i n g  from two a c t i v e  s l i p  systems. The l a r g e  ex t ru s ions  and 

deep v a l l e y s  a r e  a  r e s u l t  of  deformation on the  primary system, P; t h e  c ros s  

s l i p  i s  more c l o s e l y  spaced and i s  ind i ca t ed  by C. A t  A, one can see  t h e  

e f f e c t  of t h e  combined s l i p  on t h e  primary and c r o s s  s l i p  system which 

produced a  displacement o f  a  segment of  m a t e r i a l  i n  t h e  d i r e c t i o n  of t h e  

common Burgers vec to r .  I n  F igu re  13b another  c h a r a c t e r i s t i c  of t h e  e x t r u s -  

i ons  i s  c l e a r l y  shown. While s l i p  and f a t i g u e  s t r i a t i o n s  occurred on t h e  

c r o s s  s l i p  system, t h e  c ros s  s l i p  l i n e s  gradua l ly  d i sappear  on t h e  ex t ru s ion .  

S ince  t h e  su r f ace  of  t h e  ex t ru s ion  i s  e s s e n t i a l l y  t h e  primary s l i p  p lane  and 

the  Burgers Vector i s  t h e  same i n  both primary and c r o s s  s l i p  systems, s l i p  

s t e p s  i n  t h e  su r f ace  w i l l  no t  be produced. The r i d g e  of t h e  ex t ru s ion  should, 

however, show d i sp l acenen t s  i f  c ro s s  s l i p  a c t i o n  took p lace .  La t e r  i t  w i l l  

be shown t h a t  f o r  copper f a t i gued  i n  high vacuum, a  f i n e r  s t r u c t u r e  i s  

observed on these  ex t ru s ions ,  

I n t e r f a c e s ,  such a s  g ra in  boundaries have been found t o  a f f e c t  t h e  

development of ex t ru s ions ,  F igures  14a and 14b show SEN photomicrographs 

a t  two magni f ica t ions  of a  g r a i n  boundary, Go Near t h e  boundary, i n  t h e  

c r y s t a l  t h a t  was o r i e n t e d  f o r  maximum shear  s t r e s s  on one p l ane ,  ex t ru s ions  

occur  i n  t h e  primary s l i p  system, Q. Other s t r e s s e s  a r e  p re sen t  which cause 

some p l a s t i c  a c t i v i t y  on t h e  secondary s l i p  systems. A t  t h e  boundary, however, 

l a r g e  ex t ru s ions  no t  a s s o c i a t e d  w i t h  any of t h e  s l i p  p lanes  appear ,  Th i s  ob- 

s e r v a t i o n  i n d i c a t e s  t h a t  ex t ru s ion  producing a c t i v i t y  i s  p r e s e n t  a t  g r a i n  

boundaries  i n  a d d i t i o n  t o  t h e  s l i p  ~ t l a n e s .  It w i l l  be shown l a t e r  t h a t  

s i m i l a r  observa t ions  a r e  made nea r  su r f aces  coated w i t h  a  d i f f u s e d  l a y e r  of 

s o l u t e .  

The i n t e r s e c t i o n  between t h e  f r a c t u r e  su r f ace  and t h e  specimen s u r f a c e  

r e v e a l s  some a s p e c t s  concerning t h e  progress  o f  t h e  f a t ? g u e  crack and d e t a i l s  

of a  p o r t i o n  of e x t r u s i o n s  which extended i n t o  t h e  i n t r u s i o n  va l l eys .  I n  

F igure  15, t h e  f r a c t u r e  i s  s t e p - l i k e  near  t h e  specimen su r f ace  and fol lows the  

primary and c ros s  s l i p  p l anes ,  A t  h igher  magni f ica t ion  (F igure  l5b)  t he  

arran~ement of t h e  extrusions on the specimen surface at the f r a c t u r e  can be 

seen, Extrusion activity is conspicuous in the primary bands near the f r a c t u r e  



s u r f a c e  ( s e e  g i n  F i g u r e  1 5 c ) ,  The c r a c k  a p p a r e n t l y  t r a v e l l e d  a long  t h e  

v a l l e y  t h a t  was a d j a c e n t  t o  t h e  ex t ruded  r c g i o n s ,  On t h e  c r o s s - s l i p - f r a c t u r e  

faces, however, no obvious  ev idence  of e x t r u s i o n s  a r e  n o t e d .  Other  c r a c k s ,  

u s u a l l y  ex tend ing  a l o n g  t h e  pr imary s l i p  system, a r e  a l s o  v i s i b l e  i n  F i g u r e  I l b .  

I f ,  i n  t h e  scann ing  e l e c t r o n  microscope,  t h e  specimen i s  o r i e n t e d  w i t h  

t h e  f r a c t u r e  s u r f a c e  abou t  30' from t h e  p l a n e  of v iew,  t h e  i n t e r s e c t i o n  between 

t h e  specimen s u r f a c e  and t h e  f r a c t u r e  s u r f a c e  can be b e t t e r  s t u d i e d ,  Because 

o f  t h e  a n g l e  o f  o b s e r v a t i o n ,  t h e  topography of  t h e  specimen s u r f a c e  i s  accen-  

t u a t e d .  The image r e s u l t i n g  from t h i s  arrangement i s  shown i n  F i g u r e  16. The 

arrow l i e s  a l o n g  ".he i n t e r s e c t i o n  o f  t h e s e  two s u r f a c e s ;  t h e  top  of t h e  

photomicrograph i s  t h e  o r i g i n a l  specimen s u r f a c e .  Along F a r e  e x t r u s i o n s  

which extend more t h a n  5p i n t o  t h e  f r a c t u r e .  I n  t h i s  r e g i o n  t h e  dep th  o f  

s t a g e  I c r a c k  growth seems t o  c o i n c i d e  w i t h  t h e  d e p t h  of t h e  e x t r u s i o n s ,  On 

t h e  specimen s u r f a c e ,  n o t  on ly  i s  t h e r e  ev idence  of s e v e r e  pr imary s l i p  

a c t i v i t y ,  b u t  extended c r o s s  s l i p  l i n e s ,  some c o n t a i n i n g  e x t r u s i o n s  a s  l o n g  

a s  2OP a r e  prominent.  The e f f e c t  o f  c r o s s  s l i p  i s  seen  c l e a r l y  a l o n g  t h e  

heavy r i d g e  which t r a v e r s e s  t h e  middle  of t h e  photograph. I n  f r o n t  o f  t h i s  

r i d g e ,  some of t h e  pr imary e x t r u s i o n s  appear  t o  be  a l i g n e d  a l o n g  t h e  c r o s s  

s l i p  d i r e c t i o n .  The a p p a r e n t  d e p r e s s i o n  i n  t h e  upper p a r t  o f  t h e  photograph 

i s  p robab ly  a  p o l i s h i n g  p i t .  

Another a r e a  showing t h e  boundary between t h e  f r a c t u r e  s u r f a c e  and t h e  

specimen s u r f a c e  i s  shown i n  F i g u r e  17,  The f r a c t u r e  s u r f a c e ,  w i t h i n  l op  o f  

t h e  specimen s u r f a c e ,  i s  a l o n g  t h e  pr imary s l i p  p l a n e s .  Some of  t h e  e x t r u s i o n s  

extend a s  f a r  a s  5p i n t o  t h e  f r a c t u r e  s u r f a c e ;  t h e s e  e x t r u s i o n s  a r e  c l e a r l y  

seen  a t  t h e  h i g h e r  m a g n i f i c a t i o n  i n  F i g u r e  17b. I n  T i g u r e  17a,  a  c r a c k  can 

be seen  on t h e  b o r d e r  between a  r e g i o n  where one s l i p  system i s  a c t i v e  and 

a  r e g i o n  where two systems a r e  a c t i v e .  T h i s  c rack  can be t r a c e d  i n t o  t h e  

f r a c t u r e  s u r f a c e .  The secondary sys tem t h a t  i s  s e e n  i n  t h e s e  photographs  i s  

t h e  c r i t i c a l  s l i p  sys tem i n d i c a t e d  by M. S i n c e  t h e  a c t i v i t y  on t h i s  sys tem was 

i n t e n s e  i n  t h i s  r e g i o n  and t h e  view of  t h e  specimen i s  a lmos t  d i r e c t l y  a l o n g  

t h e  c r i t i c a l  p l a n e ,  any c r o s s  s l i p  which may have occur red  i s  concealed.  

However, t h e  c r i t i c a l  system a c t i v i t y  which a p p a r e n t l y  took p l a c e  a f t e r  some 

o f  t h e  p r i m a r y  e x t r u s i o n s  developed, t l i splaeed t h e  pr imary extrus ioias  t o  f o r m  

che  spire- bike s t r u c t u r e ,  



Figure  18 i s  another  reg ion  of  t he  f r a c t u r e  su r f ace ,  The f r a c t u r e  

progressed a long  t h e  primary and a  secondary s l i p  plane.  A t  h igher  mag- 

n i f i c a t i o n  remnants of e x t r u s i o n s  a r e  seen i n  t h e  f r a c t u r e  su r f ace ,  

A photograph of a  l a r g e  ex t ru s ion  extending about 8p ou t  of t h e  

specimen su r f ace  i s  shown i n  F igu re  19. The gene ra l  topography i n  t he  

background i s  due t o  many smal le r  ex t ru s ions .  

2,2 Fa t jgue  i n  Vacuum 

The scanning e l e c t r o n  micrographs of t h e  su r f ace  a f t e r  
- 7 

f a t i g u e  i n  a  vacuum of 10 t o r r  show some d i f f e r e n c e s  i n  s t r u c t u r e  than  

those  observed on specimens f a t i gued  i n  oxygen. F igu re  20 is a low mag- 

n i f i c a t i o n  SEM photograph of  t h e  su r f ace .  The e x t r u s i o n s  appear  t o  be a s  

p reva l en t  a s  i n  t h e  specimens f a t i gue4  i n  oxygen, bu t  t h e  somewhat o rde r ly  

spac ing  of t h e  ex t ru s ions  i s  no t  observed. Compare w i th  F igure  l l a .  I n  

t h e  reg ion  between t h e  c l u s t e r  of s l i p  s t r i a t i o n s ,  t h e r e  i s  f a i n t  evidence 

of s l i p  l i n e s  2 which do not  con ta in  ex t ru s ions .  I n  Figure 20b c l e a r  

s l i p  l i n e s ,  2 appear near  t o  heav i ly  extruded r eg ions ,  E. Ext rus ions  

have developed, however, i n  t h e  s l i p  l i n e s  a t  E i n  F igure  20b. A second 

s l i p  system was a l s o  a c t i v e  during the  f a t i g u e  and t h i s  i s  seen  a t  C i n  

t h e  photograph. 

Figure 2 1  shows t h e  su r f ace  of t h e  fa t igued  specimen more c l e a r l y .  

Ti,e l a ck  of an i formi ty  i s  a l s o  seen here .  A secondary system is  a c t i v e ,  

but  i t s  e f f e c t  i s  d i f f e r e n t  from t h a t  i n  t h e  specimen f a t i g u e  i n  oxygen, 

I n  t h e  v i c i n i t y  of A_ i n  t h e  photomicrographs, b  and c ,  a  f i n e  s e r r a t e d  

s t r u c t u r e  on t h e  r i d g e  of t h e  ex t ru s ion  can be seen. The e x t r u s i o n s  a r e  q u i t e  

s t r u c t u r e d  wi th  f i n e  s p i r e s  a long  t h e  edges. A s  po in ted  ou t  be fo re ,  t h e  s t r u c -  

t u r e  on t h e  r i dge  of t h e  ex t ru s ion  can be due t o  secondary s l i p  ac t i on .  

Another d i f f e r e n c e  i s  noted. The laminates  of t h e  ex t ru s ions  a r e  c l e a r l y  de- 

f i ned  ( s ee  F igure  21c a r ea  B). Thus, i n  gene ra l ,  a f i n e  s t r u c t u r e  which i s  no t  

seen i n  the  specimens f a t i gued  i n  oxygen i s  p re sen t  i n  specimens f a t i gue?  i n  

h i g h  vacuum, 

I n  certain p o r t i o n s  of t h e  specimen, c r o s s  s l i p  appeared to be very 



a c t i v e ,  F i g u r e  2223 and 22b are examples o f  these  r eg ions ,  The primary s l i p  

shown i r i  226 has been d i s p l a c e d  by t h e  a c t i o r ,  of t h e  c r o s s  s l i p  r e g i o n ,  R L -  

though n o t  ^oo c lear ,  some e x t r u s i o n s  can be seen  on t h e  c r o s s  s l i p  system, 

2.3 E f f e c t s  of d i f f u s e d  c o a t i n g s  on t h e  s u r f a c e  o f  copper s i n g l e  
c r y s t a l s .  

The t h i n  d i f f u s e d  l a y e r  was produced by a n n e a l i n g  c r y s t a l s  

w i t h  a  2 0 0 i  evapora ted  c o a t i n g  o f  gold  s o  t h a t  a s o l u t e  a f f e c t e d  r e g i o n  o f  

about  10001 was developed.  T h i s  d i f f u s e d  l a y e r  had a  c o n s i d e r a b l e  e f f e c t  on 

t h e  c h a r a c t e r i s t i c s  o f  t h e  s u r f a c e  s t r u c t u r e  produced by f a t i g u e .  S l i p  l i n e s  

o r  f a t i g u e  s t r i a t i o n s  were ra::e on t h e  s u r f a c e  and on ly  few were found i n  t h e  

v i c i n i t y  of t h e  f r a c t u r e ,  F i g u r e s  23a and 23b show t h e s e  s t r i a t i o n s .  The 

e x t r u s i o n s  observed however, a r e  r a t h e r  long  and o f t e n  oddly shaped. E x t r u s i o n  

f r e e  r e g i o n s  found a l o n g  t h e  s l i p  s t r i a t i o n s  may be due t o  t h e  b r e a k i n g  o f  t h e  

ex t ruded  m a t e r i a l  d u r i n g  t h e  f a t i g u e .  The f r a c t u r e  s u r f a c e  n e a r  t h e  s u r f a c e  

of t h e  specimen corresponds t o  t h e  (111) p l a n e s  a l t h o u g h  it i s  n o t  a s  d i s t i n c t  

a s  i n  t h e  uncoated specimens. A f r a c t u r e  i s  shown i n  F i g u r e  24. 

The s t u d y  o f  t h e  i n t e r s e c t i o n  between t h e  f r a c t u r e  s u r f a c e  and t h e  

specimen s u r f a c e  proved t o  be q u i t e  i n s t r u c t i v e ,  F i g u r e  25 i s  a  view of t h e  

f r a c t u r e  s u r f a c e .  Although a  d i f f u s e d  zone is  produced by t h e  a n n e a l i n g  

t r e a t m e n t ,  t h i s  photomicrosraph r e v e a l s  a t  t h e  specimen s u r f a c e  a  c r u s t - l i k e  

format ion abou t  0.2 t o  0 ,3p t h i c k .  A t  t h e  i n t e r f a c e  between t h e  c r u s t  and t h e  

b u l k  m a t e r i a l  a r e  found a  p r o f u s i o n  of e x t r u s i o n s , ~ ,  Moreover, some e x t r u c i o n s  

a r e  found n e a r  t h e  i n t e r f a c e  on t h e  f r a c t u r e  s u r f a c e  a t  E'. The e x t r u s t i o n  

from t h e  L n t e r f a c e  i s  c l e a r l y  shown i n  F i g u r e s  26a and 26b. I n  F i g u r e  26a 

t h e  e x t r u s i o n  i s  o v e r  2OP i n  l e n g t h  i n  one p o r t i o n .  T h i s  unique f e a t u r e  

which i s  p r e s e n t  a t  t h e  i n t e r f a c e  i s  s i m i l a r  t o  t h e  ex t ruded  m a t e r i a l  s e e n  

a t  t h e  g r a i n  boundar ies .  Thus,  i n  a  s u r f a c e  hardened c r y s t a l ,  a l though  

t h e r e  i s  v e r y  l i t t l e  p l a s t i c  de format ion  a c t i v i t y  th roughout  t h e  l a y e r  i t s e l f ,  

t h e  a c t i v i t y  under  t h e  l a y e r  must be l a r g e ,  It a p p e a r s  t h a t  c r u s t  deforms,  

i n  g e n e r a l ,  e l a s t i c a l l y ,  whereas ,  t h e  m a t e r i a l  d i r e c t l y  below t h e  s u r f a c e  

deforms plastically , 



3 ,  D i s c u s s i o n  

It h a s  been shwon t h a t  e x t r u s i o n s  and i n t r u s i o n s  form i n  p r o f u s i o n  on 

t h e  s u r f a c e  of  a  f a t i g u e s ,  uncoated,  copper s i n g l e  c r y s t a l .  The c h a r a c t e r i s -  

t i c s  of t h i s  s t r u c t u r e  a f t e r  low s t r a i n  ampl i tude  f a t i g u e  can be summarized 

by t h e  f o l l o w i n g :  

A.  Genera l  o b s e r v a t i o n s  f o r  uncoated copper specimens 

a ,  E x t r u s i o n s  and i n t r u s i o n s  a r e  abundant a l o n g  t h e  p r imary  

s l i p  sys tem i n  t h e  h i g h  s t r e s s  r e g i o n s ,  

b.  Secondary s l i p  sys tems ,  e s p e c i a l l y  c r o s s  s l i p  a r e  a c t i v e .  

c ,  Some e;:trusions occur  on t h e  c r o s s  s l i p  system. 

( i n t r u s i o n  p robab ly  occur  a l s o )  

d o  Displacements  a l o n g  t h e  secondary s;~stem t e n d s  t o  modulate 

t h e  shape o f  t h e  pr imary e x t r u s i o n s .  

e ,  I n  c e r t a i n  a r e a s  o f  t h e  specimen surEace t h e r e  i s  a  secondary 

o r i e n t a t i o n  r e l a t i o n s h i p  between t h e  e x t r u s i o n s ;  c r o s s  s l i p  

seems t o  be a  f a c t o r .  

f .  The e x t r u s i o n s  c o n s i s t  o f  l a y e r s  of m a t e r i a l ,  each l a y e r  

abou t  0 . l P  t h i c k .  

go  The e x t r u s i o n s  a r e  e l o n g a t e d  i n  t h e  d i r e c t i o n  of  t h e  

Burgers  v e c t o r ,  

B. C o n t r a s t  between specimens f a t i g u e d  i n  oxygen and t h o s e  f a t i g u e d  

i n  vacuum, 

a .  The l a m i n a t e - l i k e  s t r u c t u r e  of t h e  e x t r u s i o n s  a r e  not  a s  

c l e a r l y  d e f i n e d  when developed i n  oxygen a s  when developed i n  

vacuum. 

b ,  Sharp  s p i r e s  a p p e a r  i n  vacuum f a t i g u e  b u t  a r e  n o t  seen i n  

t h e  oxygen f a t i g u e ,  

6 ,  T h i n - s u r f a c e  a l l o y  l a y e r  o b s e r v a t i o n s  

The s u r f a c e s  a f t e r  f a t i g u e  a r e  d i f f e r e n t  from those observed 

on the pure  copper  crystals, 

a ,  A d e f i n i t e  surface c r u s t  Less t h a n  4000 -& t h i c k  is observed, 



h ,  T h i s  c r u s t  i s  n o t  p l a s t i c a l l y  deformed except  f o r  severa l  

i s o l a t e d  s l i p  l i n e s  which i n t e r s e c t e d  t h e  f r a c t u r e  s u r f a c e ,  

c. Under t h e  c r u s t ,  however, c o n s i d e r a b l e  p l a s t i c  deformat ion 

t a k e s  p l a c e  which i s  i n d i c a t e d  by l a r g e  e x t r u s i o n s ,  t h a t  

appear  on t h e  f r a c t u r e  s u r f a c e  a f t e r  f r a c t u r e .  

I n  o r d e r  t o  d i s c u s s  t h e  development of t h e  s u r f a c e  s t r u c t u r e  d u r i n g  

f a y i g u e  observed mechanical  p r o p e r t i e s  and t h e  d i s l o c a t i o n  s t r u c t u r e  n e a r  

t h e  s u r f a c e  must b e  cons idered ,  D e t a i l s  on t h e  mechanical  p r o p e r t i e s  w i l l  

b e  p r e s e n t e d  i n  P a r t  I11 of t h i s  r e p o r t ,  whereas ;  t h e  d i s l o c a t i o n  a r r a n g e -  

ments w i l l  b e  d i s c u s s e d  on t h e  b a s i s  o f  p r e v i o u s  p u b l i s h e d  r e s u l t s .  

E x t r u s i o n  and i n t r u s i o n  a l o n g  t h e  pr imary and secondary s l i p  l i n e s ,  

f i r s t  observed and e x p l a i n e d  by C o t t r e l l  and ~ u l l l ,  a r e  t h e  most prominent 

f e a t u r e  observed on t h e  s u r f a c e  o f  t h e  specimens n o t  d i f f u s i o n  c o a t e d ,  The 

e x t r u s i o n s  a r e  e l o n g a t e d  i n  t h e  d i r e c t i o n  of t h e  Burgers  v e c t o r .  I n t r u s i o n s ,  

on t h e  o t h e r  hand, seem more cont inuous  and have t h e  appearance o f  long 

v a l l e y s  ex tend ing  some d i s t a n c e  a l o n g  t h e  s l i p  p l a n e s .  Rep l ica  ev idence  

however, h a s  shown t h a t  t h e  s h ~ p e s  of t h e  boundar ies  of t h e  i n t r u s i o n s  a r e  
1 

s i m i l a r  t o  t h e  shapes  o f  t h e  e x t r u s i o n s  . The d e p t h s  of t h e  i n t r u s i o n s  a r e  

o f t e n  g r e a t e r  t h a n  l o y ;  t h e s e  s t r u c t u r e s  a r e  a s s o c i a t e d  w i t h  t h e  p e r s i s t a n t  

s t r i a t i o n s  2 '3 '4.  The edge o f  t h e  r r a c t u r e  f a c e  n e a r  t h e  s u r f a c e  o f  t h e  

specimen i s  u s u a l l y  a l o n g  t h e  pr imary and secondary s l i p  p l a n e s .  Obviously ,  

t h e  s u r f a c e  n o t c h e s  produced by long  i n t r u s i o n s  a r e  pr imary f o r  t h e  i n i t i a t i o n  

of t h e  f a t i g u e  c racks .  

Because o f  t h e  d l - t a i l s  t h a t  a r e  observed by t h e  SEM, t h e  mechanisms of  

e x t r u s i o n  and i n t r u s i o n  development can b e  f u r t h e r  c l a r i f i e d .  Thin  f i l m  

e l e c t r o n  microscopy showed t h a t  d u r i n g  c y c l i c  s t r a i n i n g ,  a  d i s l o c a t i o n  c e l l  

s t r u c t u r e  I f  t h e  pr imary s l i p  sys tem i s  (11T) [ l o l l  t h e n ,  i n  

t h e  e a r l y  s t a g e s  o f  f a t i g u e ,  t h e  c e l l  s t r u c t u r e  c o n s i s t s  o f  v e i n s  a l o n g  t h e  
16 

[121] ; t h i s  s t r u c t u r e  t h e n  develops  i n t o  a  l a r g e  d i s l o c a t i o n  c e l l  r o n f i g u r -  

t i o n ,  During t h i s  p e r i o d  o f  bu i ld -up  of t h e  d i s l o c a t i o n  d e n s i t y ,  t h e  f low 

s t r e s s  of t h e  m a t e r i a l  s t e a d i l y  i n c r e a s e s  w h i l e  t h e  h y s t e r e s i s  curves  i n d i c a t e  

la rge  energy losses,  (The s i g n i f i c a n c e  of the energy l o s s  data w i l l  be dis- 

cussed i n  P a r t  111 of t h e  r e p o r t , )  A p p a r e n t l y  when the a r e a  of the hysteresis 



curvcs d e c r e a s e s  t o  a m i n i m u n ,  t h e  d i s l o c a t i o n  c e l l  s t r u c t u r e  a l s o  r e a c h e s  a 

s t e a d y  s t a t e  of a somewhat c o n s t a n t  mesh s i z e ,  ALthaught t h e  i n t e r n a l  dis- 

t r i b u t i o n  of d i s l o c a t i o n s  i s  n o t  g r e a t l y  a f f e c t e d  a f t e r  t h e  e s t a b l i s h m e n t  of 

s t e a d y  - s t a t e ,  l a r g e  numbers o f  e x t r u s i o n s  and i n t r u s i o n s  form-in- the  h i g h l y  

s t r e s s e d  r e g i o n s  o f  t h e  specimen. D i s l o c a t i o n  movement i n  each c y c l e ,  how- 

e v e r ,  must b e  r e l a t i v e l y  smal l  s i n c e  t h e  energy l o s e s  a r e  smal l .  

Consider  t h e  number o f  d i s l o c a t i o n  t h a t  would be  involved i n  t h e  f o r -  

mat ion of a n  e x t r u s i o n  of average  s i z e ,  say  0. lP wide,  3P h i g h  and 1 0 ~  long.  

I f  t h e  d i s l o c a t i o n  s o u r c e ,  t e n  microns long  and two o p p o s i t e  edge d i s l o c a t i o n s  

1000 1- a p a r t  i n  t h e  form of a  d i p o l e ,  i s  cons idered ,  t h e n  t h e  volume t r a n s -  

f e r r e d  which o c c u r s  when t h e  d i s l o c a t i o n  d i p o l e  r e a c h e s  t h e  s u r f a c e  i s  

about 

3  x  10-16 cm3/ d i p o l e  

For  an  average  s i z e  e x t r u s i o n  t h e  volume i s  

-12 3  
3 x  10 cm / e x t r u s i o n  

The number o f  d i s l o c a t i o n  d i p o l e s  t o  reach  the s u r f a c e  i s  t h e n  

The a s s o c i a t i o n  of d i p o l e s  w i t h  i n t r u s t i o n  and e x t r u s i o n s  has  been 
7 

sugges ted  by Chen, Gilman and Head . They c a l c u l a t e d  t h e  b i n d i n g  energy 

o f  s e v e r a l  ar rangements  o f  d i p o l e s ,  t r i p o l e s  and quadrupoles  and concluded 

t h a t  i n  f a t i g u e  c o n d i t i o n s  t h e s e  con£ i g u r a t  ions  can decompose, The b i n d i n g  

ltnergy f o r  t h e  a r r a y  depends upon t h e  geometry of t h e  c o n f i g u r a i i o n .  

The c e l l  s t r u c t u r e  of d i s l o c a t i o n s  t h a t  i s  produced d u r i n g  f a t i g u e  i s  

l i k e l y  t o  be  a combination o f  o p p o s i t e  t y p e s  o f  d i s l o c a t i o n s  a l i g n e d  i n  
6  

v e i n s  ; t h u s  t h i s  s t r u c t u r e  should be of t h e  form of a  l a r g e  m u l t i p l e  w i t h  

a n e t  Burgers  v e c t o r  of e i t h e r  z e r o  o r  v e r y  s m a l l .  A p o s s i b l e  i d e a l  d i s -  

l o c a t i c n  arrangement i s  shown i n  F i g u r e  2 7 ,  The d i s l o c a t i o n s  around t h e  

p e r i f e r y  of t h e  v e i n  a r e  e a s i e r  t o  remove t h a n  t h o s e  i n  t h e  i i l t e r i o r ,  T h u s ,  

an applied shea r  s tress w j  1 1  d.4 s p l a c e  t i l e  o ~ ~ t e r  dislocations before  a-FJiepr i ~ r g  



tllose i r t s ide  the v e i n ,  Consider col~rmns AC and BD i n  F i g u r e  2 7 ,  This i s  

ceproduced i n  d i l ' f e r e n t  perspec"cve I n  F i g u r e  2 8 ,  I f  A\ B': 6 h n d  dT)" a r e  

p i n n i n g  p o i n t s  i n  t h e  c e l l  w a l l ,  and t h e  l e n g t h  AA' and BE' a r e  one h a l f  

t h e  d i s l o c a t i o n  s o u r c e  l e n g t h ,  t h e n  t h e  e f f e c t  o f  s t r e s s  on t h e s e  d i s -  

l o c a t i o n s  can be d i s c u s s e d .  S i n c e  t h e  ou te r -mos t  d i s l o c a t i o n  i s  t h e  l e a s t  

bound, d u r i n g  t h e  f i r s t  h a l f  of  t h e  s t r e s s  c y c l e  T ~ ,  t h e  n e x t  n e a r e s t  d i s -  

l o c a t i o n s  a r e  d i s p l a c e d  i n  t h e  same d i r e c t i o n s  a s  t h e  o t h e r  h a l f  of t h e  

d i p o l e .  A t  t h e  s u r f a c e  o p p o s i t e  AA' and BB'  a n  i n t r u s i o n ,  one  Burgers  

v e c t o r  i n  d e p t h ,  w i l l  form; whereas ,  o p p o s i t e  C C '  and D D '  an e x t r u s i o n  w i l l  

occur .  The d i p o l e  t h a t  was removed from t h e  bottom of  t h e  v e i n  i s  l i k e l y  

t o  b e  r e p l a c e d  by a  s i m i l a r  d i p o l e  from a n  a d j a c e n t  v e i n .  Moreover, i f  t h e  

second i n t e r m o s t  v e i n  i s  l a r g e r  t h a n  t h e  one  n e a r e s t  t h e  s u r f a c e ,  t h e  d i p o l e s  

r e l e a s e d  from them w i l l  a l s o  i n t e r s e c t  t h e  s u r f a c e  n e a r  t h e  f i r s t  e x t r u s i o n .  

t h u s ,  f o r  r e p e a t e d  c y c l i n g ,  d i p o l e s  w i l l  b e  t r a n s l a t e d  from one c e l l  t o  a n o t h e r  

w i t h  some of them r e a c h i n g  t h e  s u r f a c e .  The t o t a l  d e n s i t y  of  d i s l o c a t i o n s  w i l l  

n o t  change,  b u t  t h e  s u r f a c e  topography w i l l .  A c t u a l l y ,  t h e  d i s l o c a t i o n  d i p o l e  

i s  t r a n s l a t e d  t o  t h e  s u r f a c e  ( o r  o t h e r  c e l l  w a l l s )  d u r i n g  a  s m a l l  p o r t i o n  o f  

t h e  number o f  a p p l i e d  c y c l e s  s i n c e  approximate ly  1000 d i p o l e s  correspond t o  

a  l a m i n a t e  o f  t h e  e x t r u s i o n  and t h e  number of  c y c l e s  d u r i n g  t h i s  s t a t e  i s  e s -  
6  

t i m a t e d  t o  b e  abou t  10 . 
33asinski6 r e p o r t e d  kt t h e  s u r f a c e  d e f i n e d  by t h e  a r r a y  o f  d i s l o c a t i o n  

c e l l s  does no t  s e c e s s a r i l y  l i e  p a r a l l e l  t o  t h e  s l i p  p l a n e .  T h i s  ar rangement  

o f  d i s l o c a t i o n s  i n  t h e  i n t e r i o r  o f  t h e  c r y s t a l  can l e a d  t o  some o f  t h e  s u r f a c e  

Zea tu res  t h a t  were obse rved  i n  t h e  p r e s e n t  exper iments .  Cons ide r  F i g u r e  2 9  

which i s  a  s e c t i o n  t h a t  c o n t a i n s  a  p a r t  o f  a  d i s l o c a t i o n  c e l l  l y i n g  n e a r  t h e  

s u r f a c e .  The p l a n e  o f  t h e  a r r a y  of d i s l o c a t i o n  c e l l s  i s  a n  a n  a n g l e  of t o  

t h e  s l i p  p l a n e .  Dur ing c y c l i c  s t r a i n  some d i s l o c a t i o n  d i p o l e s  a r e  t r a n s f e r r e d  

from one  c e l l  w a l l  t o  a n o t h e r .  Those n e a r  t h e  s u r f a c e  c r e a t e  e x t r u s i o n s  o r  

i n t r u s i o n s  a s  h a s  been i n d i c a t e d  i n  F i g u r e  28 .  I n  a d d i t i o n ,  d i s l o c a t i o n  p a i r s  

from 1-eins f a , * t h e r  from t h e  s u r f a c e  w i l l  n o t  b e  c a p t u r e d  by t h e  v e i n  n e a r e s t  

t h e  surFace  because  of  t h e  tilt of  t h e  a r r a y  o f  d i s l o c a t i o n  c e l l s ,  Consequent ly ,  

t h e s e  d i p o l e s  w i l l  r e a c h  t h e  s u r f a c e  and can form o v e r  l a p p i n g  e x t r u s i o n s  

(o r  i n t r u s i o n s ) ;  this shou ld  g ive  t h e  appearance of a laminated e x t r u s i o n  a s  

show11 ? ' n  F igu re  29, 

The b r a i d e d  appearance  o f  t h e  extrusions is  dependent  on ehe l a t e r a l  

p o s i t i o n s  o f  t h e  d i s l o c a t i o n  s o u r c e s .  Cons ide r  t h e  geometry of  t h e  d i s l o c a t i o n  

- 15 - 



cel.1 grid ii? Fi.gure 30, I f  th2.s grid i s  t i l t e d  as i n  t h e  p r e v i ~ i i s  f i g u r e  i n  

a d d i t i o n  t o  t h e  s o u r c e s  b e i n g  l a t e r a l l y  d i s p l a c e d  i n  a uniform manner, t h e  

e x t r u s i o n -  w i l l  appear  grouped a s  shown i n  F i g u r e  30. J f  t h e  s u r f a c e  i s  n o t  

w e l l  r e s o l v e d  p o s s i b l e  because  o f  o x i d e  fo rmat ion ,  a  smooth b r a i d e d  appearance  

a s  s e e n  i n  F i g u r e s  l l b  and l l d  can r e s u l t .  

Because of  t h e  h i g h  s t a c k i n g  f a u l t  energy i s  copper ,  d i s l o c a t i o n s  can 

r e a d i l y  c r o s s  s l i p ,  a s  a  consequence,  d i s l o c a t i o n  a c t i v i t y  on t h i s  s l i p  sys tem 

can a l t e r  t h e  e x t r u s i o n s .  The e f f e c t  i s  i l l u s t r a t e d  i n  F i g u r e  31a. I f  t h e  

pr imary s l i p  sys tem i s  ( l l i )  [ l o l l ,  t h e  c r o s s  s l i p  p l a n e  i s  (1i.i). Deformat ion 

i n  t h e  [ l o l l  d i r e c t i o n  w i l l  o n l y  c r e a t e  s t e p s  on t h e  ric',ge of  t h e  e x t r u s i o n  i f  

t h e  e x t r u s i o n  h a s  a  uniform c r o s s  s e c t i o n .  The s u r f a c e  o f  t h e  e x t r u s t i o n ,  which 

i s  t h e  p r imary  s l i p  p l a n e ,  w i l l  n o t  b e  a f f e c t e d .  A s i m i l a r  geometry o f  t h e  ex-  

t r u s i o n  w i l l  occur  when t h e  Burgers  v e c t o r s  o f  d i s l o c a t i o n s  i n  o t h e r  secondary - 
sys tems i s  i n  t h e  [ l l U ]  o r  [Oil] d i r e c t i o n s .  These d i s l o c a t i o n s  can be  a c t i v e  

i n  r e g i o n s  where  l o c a l  s t r e s s  f i e l d s  due t o  z r a i n s  o f  o t h e r  s t r e s s  modula to r s  

a r e  p r e s e n t .  I f ,  however, s l i p  o c c u r s  on p l a n e s  i n  o t h e r  s l i p  d i r e c t i o n s ,  t h e  

( l l i )  s u r f a c e  of  t h e  e x t r u s i o n  w i l l  be s t epped  a s  shown i n  F i g u r e  31b. Both  

c o n d i t i o n s  a r e  shown i n  t h e  SEM photomicrographs and r e s u l t s  i n  t h e  f i n e  

s t r u c t u r e  e s p e c i a l l y  n o t e d  i n  specimens f a t i g u e d  i n  h i g h  vacuum. 

Al though t h e  g e n e r a l  f e a t u r e s  of  t h e  s u r f a c e  topography developed 

d u r i n g  f a t i g u e  i n  oxygen a r e  s i m i l a r  t o  t h o s e  observed i n  a  vacuum, some 

d e c e r n a b l e  d i f f e r e n c e s  were  n o t e d .  The l a c k  of f i n e  s t r u c t u r e  i n  t h e  e x t r u s i o n  

seems t o  b e  a s s o c i a t e d  w i t h  t h e  o x i d e  fo rmat ion  d u r i n g  t h e  development of  new 

s u r f a c e  i n  t h e  f a t i g u e  p r o c e s s .  The f a c t  t h a t  t h e  i n t r u s i o n - e x t r u s i o n  p a t t e r n s  

are n o t  g r o s s l y  d i f f e r e n t  i n  b o t h  c a s e s ,  s u p p o r t s  t h e  c l a i m  WE t h e  a tmosphere  

i s  not  a c o n t r o l l i n g  f a c t o r  i n  c r a c k  n u c l e a t i o n  a s  proposed by Broom and 
8 

Nicholson , b u t  i s  l i k e l y  t o  a f f e c t  t h e  c r a c k  growth by a l t e r i n g  t h e  mechanism 
9 10 

o f  b l u n t i n g  of  t h e  c r a c k  t i p  (Sumsion , Wil l i ams  and Nelson ) o r  by c o r r o s i v e  
11 

type  a t t a c k  (Bradshaw and Wheeler ) Moreover, t h e  l a c k  o f  f i n e  s t r u c t u r e  

o f  t h e  e x t r u s i o n s  i n d i c a t e s  t h a t  due t o  t h e  o x i d e  l a y e r  t h e  e s r e s s  o r  i n i t i a t i o n  
12 13 14 

o f  d i s l o c a t i o n s  a r e  impeded (KoehLer , Head , Grosskreu tz  and Bowles ) *  

The t h i n  l a y e r  of  s o l u t e  n e a r  t h e  specimen surfaces change t h e  c h a r a c t e r  
1.5 

of t h e  m a t e r i a l  c o n s i d e r a b l y ,  I n  a d d i t i o n  t o  longer fatigue Life , the sur face  



so l u t e  4 a y z r  generally prevented the nucleation and egress of d i  s%ocations , 

Only a few slip striations were noted; these, however, usuably contained 

extrusions, These slip striations were found to be associated w i t h  the 

d i r e c t i o n  t h e  f r a c t u r e  t r a v e l l e d .  T r e a t i n g  t h e  s u r f a c e  w i t h  a  s m a l l  amount 

o f  s o l u t e  i n c r e a s e d  t h e  c r i t i c a l  r e s o l v e d  s h e a r  s t r e s s  of  t h e  s u r f a c e  c r u s t  

and impeded p l a s t i c  de fo rmat ion .  The c r u s t  deformed o n l y  a f t e r  t h e  l o c a l  

s t r e s s e s  below t h e  l a y e r  r eached  a  c r i t i c a l  l e v e l ,  It i s  expected t h a t  

d i s l o c a t i o n s  accumulated below t h e  a f f e c t e d  c r u s t  d u r i n g  f a t i g u e  e s t a b l i s h e d  

a  r e g i o n  o f  h i g h  r e s i d u a l  s t r e s s ,  The l a r g e  e x t r u s i o n s  which were seen  

below t h i s  s u r f a c e  must have been produced a t  t h e  t i m e  o f  f r a c t u r e  when t h i s  

r e s i d u a l  s t r e s s  was somewhat r e l i e v e d ,  The magnitude o f  t h e  e x t r u s i o n s  must 

r e f l e c t  t h e  accumulated d i s l o c a t i o n  d e b r i s  under  t h e  l a y e r .  

The i n c r e a s e  i n  t h e  c r i t i c a l  r e s o l v e d  s h e a r  s t r e s s  of  t h e  c r u s t  can be  

due t o  t h e  development of  accommodation d i s l o c a t i o n s  o r  s o l u t e  ha rden ing  a s  

shown by r e c e n t  work on t h e  copper-gold  system, 
16 



Environment and t h i n - d i f f u s e d  c o a t i n g  a r e  q u i t e  e f f e c t i v e  i n  i n f l u e n c i n g  

t h e  f a , t i g u e  c h a r a c t e r i s t i c s  o f  copper  c r y s t a l s .  I n  uncoated c r y s t a l s ,  d i p o l e  

and m u l t i p l e  a r rangements  of d i s l o c a t i o n s  a r e  b a s i c  t o  t h e  mechanism o f  ex- 

t r u s i o n - i n t r u s i o n  fo rmat ion ;  environment  can e f f e c t  t h e  f i n e  s t r u c t u r e .  The 

f i n e  s t r u c t u r e  t h a t  w i l l  p roduce s h a r p e r  n o t c h e s  i n  t h e  s u r f a c e  does  n o t  l e a d  

t o  e a r l y  f a t i g u e  f a i l u r e ;  i n s t e a d ,  t h e  more uniform s t r u c t u r e  which i s  formed 

i n  oxygen atmosphere i s  a s s o c i a t e d  w i t h  s h o r t e r  l i f e .  Thus,  i t  i s  expected t h a t  

a  b l u n t i n g  mechanism o r  c o r r o s i o n  a t t a c k  c o n t r o l  t h e  p r o g r e s s  o f  t h e  c rack .  

The e x t r u s i o n s  and i n t r u s i o n s  a r e  produced by d i s l o c a t i o n s  from t h e  

ce l ls ;  consequen t ly ,  t h e r e  i s  a  r e l s t i o n s h i p  between t h e  s u r f a c e  markings and 

t h e  i n t e r n a l  s t r u c t u r e .  The e x t r u s i o n  i s  e l o n g a t e d  i n  t h e  d i r e c t i o n  o f  t h e  

Burgers  v e c t o r  o f  t h e  p r imary  s l i p  system. Secondary s l i p  is a l s o  n o t e d  b u t  i n  

g e n e r a l  i t  o n l y  modula tes  t h e  p r imary  p a t t e r n s .  

D i f f u s i o n  l a y e r s  r e s u l t  i n  a  c r u s t  t h a t  h a s  a  h i g h e r  y i e l d  s t r e n g t h  t h a n  

t h e  b u l k  m a t e r i a l ,  These  l a y e r s  g r e a t l y  l i m i t  t h e  d i s l o c a t i o n  a c t i v i t y  a t  t h e  

s u r f a c e ,  Below t h e  c r u s t ,  however, a  r e s i d u a l  s t r e s s  i s  produced because  o f  a  

heavy c o n c e n t r a t i o n  of  d i s l o c a t i o n s .  Upon f r a c t u r e  t h e s e  d i s l o c a t i o n s  a r e  r e -  

l axed  by forming e x t r u s i o n s  and i n t r u s i o n s  d i r e c t l y  under  t h e  c r u s t  on t h e  

f r a c t u r e  s u r f a c e ,  
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The r a t e  of work ha rden ing  and t h e  h y s t e r e s i s  energy l o s s  d u r i n g  f a t i g u e  

were  measured. A s  d e s c r i b e d  i n  Pa.rt I, t h e  specimens used were  t a p e r e d  can-  

t i l e v e r  s i n g l e  c r y s t a l s .  G e n e r a l l y ,  t h e  d i sp lacement  o f  t h e  narrow end was 

+ - 1 , O m m  d u r i n g  t h e  c y c l i n g ;  t h i s  d e f l e c t i o n  produced a  s u r f a c e  s t r a i n  of  about  
- 4 

5 x 1 0  0 

The equipment,  a l t h o u g h  des igned  and b u i l t  i n  a  r e l a t i v e l y  s h o r t  t i m e ,  

produced f a i r l y  r e p r o d u c i b l e  e x p e r i m e n t a l  d a t a  f o r  most specimens.  

B e f o r e  a  f a t i g u e  t e s t  cou ld  b e  run ,  t h e  specimen was c a r e f u l l y  a r r a n g e d  

i n  t h e  g r i p s  o f  t h e  f a t i g u e  machine, To p r e v e n t  i n i t i a l  de fo rmat ion  of  t h e  

s i n g l e  c r y s t a l s ,  t h e  s e n s i t i v i t y  of  t h e  e l e c t r o n i c  measur ing  equipment which 

i n d i c a t e d  t h e  load on t h e  specimen and i t s  p o s i t i o n  was i n c r e a s e d  from 10  

t o  100 t imes  t h e  v a l u e  n e c e s s a r y  f o r  t h e  a c t u a l  t e s t ,  Thus , the  s e c u r i n g  o f  

a  specimen i n  t h e  g r i p s  was moni tored and i f  t h e  l o a d  o r  p o s i t i o n  was n o t  

c o r r e c t  a  mechanical  ad jus tment  was made. 

During t h e  pump down of  t h e  environment chamber, c a r e  was t a k e n  t o  p r e -  

v e n t  l o a d i n g  of  t h e  specimen. When t h e  p r o p e r  environment was a c h i e v e d ,  t h e  

specimen was deformed s l o w l y ,  u s u a l l y  by manually r o t a t i n g  t h e  s h a f t  of t h e  

t r a n s m i s s i o n .  A p l o t  o f  t h e  l o a d  v e r s e s  d i sp lacement  was recorded  on a n  X-Y 

r e c o r d e r  d u r i n g  t h e  de fo rmat ion .  U s u a l l y ,  t h e  f i r s t  100 c y c l e s  were  produced 

i n  t h i s  way s o  t h a t  a  complete r e c o r d  o f  t h e  change i n  mechanical  h y s t e r e s i s  

and  h a r d e n i n g  r a t e  was i n d i c a t e d  on t h e  r e a d  o u t  d e v i c e s .  F i g u r e s  32a,  32b 

and 32c show a  sequence o f  energy l o s s  c u r v e s  f o r  specimen 18 - a  c r y s t a l  

coated w i t h  a  d i f f u s e d  l a y e r  of  go ld .  F i g u r e  32a i s  t h e  f i r s t  t h r e e  c y c l e s  

r ecorded  a t  a  s e t t i n g  of 0.5 v o l t s  f o r  t h e  X and Y c h a n n e l s ,  F i g u r e  32b 

demons t ra tes  t h e  change i n  shape o f  t h e  h y s t e r e s i s  cu rve  up t o  N e q u a l  t o  35 

c y c l e s ;  t h e  a m p l i f i c a t i o n  f a c t o r s  were  a l t e r e d  i n  t h i s  r e c o r d i n g  t o  g i v e  more 

s e n s i t i v i t y ,  I n  F i g u r e  32c ,  t h e  most d r a s t i c  changes i n  t h e  a r e a  of  t h e  curves  

a r e  n o t e d ;  t h e  energy l o s s  d e c r e a s e d  c o n s i d e r a b l y  i n  t h i s  range ,  A l l  t h e s e  

hysteresi s curves were prodri~eci  by in nual Ly t r i r i i i  rrg the s i ~ f t  to the transmission 

s j n c p  pen speed of t h e  X-Y r ~ c o r d e r  w a s  q21ite SLOW, However, between recorded 

c y c l e s ,  t h e  specimen was cyc led  a t  abou t  35 c p s  by t h e  sevornokor ( s e e  P a r t  I ) ,  



A t  t imes i t  i s  convenient  t o  r c c o r d  t h e  load-d i sp lacement  i n f o r m a t i o n  o n  

the o s c i l l o s c o p e ,  T h i s  i s  accomplished w i t h  a Po4 a r o i d  camera, and examples 

o f  t h e s e  r e s u l t s  a r e  shown i n  F i g u r e  33 ,  S i n c e  q u a n t i t a t i v e  measurements 

can no t  be  o b t a i n e d  by t h i s  method, t h i s  sys tem was employed r iur ing t h e  f a s t  

c y c l i n g  t o  n o t e  dynamic h y s t e r e s i s  loops  and t o  a s s i s t  i n  making f i n e  a d j u s t -  

ments i n  t h e  f requency ,  F i g u r e  34 shows two r e s u l t i n g  p a t t e r n s  f o r  a  5 0  cps  

c y c l i n g  r a t e ,  It should  be n o t e d  t h a t  t h e  loop i s  b r o a d e r  t h a n  found d u r i n g  

t h e  manual de fo rmat ion ,  Apparen t ly  a  secondary wave, p robab ly  from r e s o n a n t  

c o n d i t i o n s ,  modula tes  t h e  o r i g i n a l  f requency.  Thus,  cont inuous  r e c o r d i n g  i s  

q u i t e  i m p o r t a n t  s i n c e  t h e  sys tem can be tuned t o  minimize t h i s  e f f e c t .  

The a v e r a g e  load a p p l i e d  t o  t h e  beam was recorded  c o n t i n u o u s l y .  T h i s  

p l o t  i n d i c a t e s  t h e  change i n  h a r d n e s s  l e v e l  d u r i n g  t h e  t e s t  and g i v e s  a  

d i r e c t  r e a d i n g  of  work ha rden ing  r a t e .  Also  i t  i n d i c a t e s  t h e  r a t e  of  d e -  

c r e a s e  i n  load  when a  c r a c k  p r o p a g a t e s  through t h e  c r y s t a l .  R e s u l t s  derj-ved 

from t h e s e  d a t a  i s  shown i n  F i g u r e  35. The two specimens compared a r e  No. 14 ,  

no c o a t i n g ,  and No. 18 ,  d i f f u s i o n  c o a t e d ,  The d i f f u s i o n  c o a t e d  specimen de -  

forms a t a  h i g h e r  i n i t i a l  load t h a n  t h e  u n t r e a t e d  c r y s t a l s .  Moreover, t h e  r a t e  

o f  c y c l i c  h a r d e n i n g  i s  g r e a t e r  f o r  t h e  s u r f a c e  t r e a t e d  specimen. A t  a b o u t  

lo5 c y c l e s  - a n  accumula t ive  s t r a i n  of  500% - b o t h  u n t r e a t e d  and t r e a t e d  c r y s -  

t a l s  t e n d  t o  a c t  s i m i l a r l y  because  t h e  ha rden ing  r a t e  h a s  d e c r e a s e d  t o  z e r o .  

Somewhat s i m i l a r  r e s u l t s  a r e  s e e n  i n  t h e  curves  of energy v e r s e s  number 

of c y c l e s .  These  d a t a  a r e  p l o t t e d  i n  F i g u r e  36. The energy l o s s  i n  t h o s e  

c r y s t a l s  n o t  c o a t e d  w i t h  a  d i f f u s e d  l a y e r  o f  go ld  i n c r e a s e s  v e r y  s l i g h t l y  o v e r  

t h e  f i r s t  10 c y c l e s ,  graws t o  a  maximum a t  abou t  10% a c c u m u l a t i v e  s t r a i n ,  
3 

d e c r e a s e s  and r e a c h e s  a  c o n s t a n t  v a l u e  a t  400% s t r a i n  a t  5  x 10  c y c l e s ,  On 

t h e  o t h e r  hand,  t h e  energy l o s s  of  t h e  s o l d  t r e a t e d  specimen i n c r e a s e s  more 

r a p i d l y  from t h e  s t a r t ,  peaks  a t  3,5% accumula t ive  s t r a i n  and d e c r e a s e s  t o  a  

v a l u e  of  energy l o s s  s i m i l a r  t o  t h e  c o n s t a n t  v a l u e  a t t a i n e d  by t h e  uncoated 

c r y s t a l s .  T h i s  l e v e l  seems t o  be reached a f t e r  abou t  250% accumula t ive  s t r a i n .  

Comparison of  t h e  c u r v e s  shows t h a t  t h e  c o a t e d  c r y s t a l  h a s  a t  15% g r e a t e r  

energy Loss than  t h e  u n t r e a t e d  c r y s t z l s ,  



T h e  a p p a r e n t  d i f f e r e n c e  i n  t h e  work ha rden ing  and t h e  energy l o s s  c u r v e s  

should  be  a  r e s u l t  of  a  v a r i a t i o n  i n  de fo rmat ion  mechantsm. However, c a r e  must 

be  t aken  i n  i n t e r p r e t i n g  t h e s e  r e s u l t s  s i n c e  more d a t a  i s  n e c e s s a r y  i n  o r d e r  

t o  make f i r m e r  c o n c l u s i o n s ,  

A number of  e x p e r i m e n t a l  f a c t s  have i n d i c a t e d  t h a t  d i f f u s e d  c o a t i n g s  a l t e r  

t h e  mechanical  p r o p e r t i e s  of s i n g l e  c r y s t a l s .  Many o f  t h e s e  were  d i s c u s s e d  i n  

P a r t  11 of  t h i s  r e p o r t ,  For  example,  s u r f a c e  s t r i a t i o n s  and t h e  f r a c t u r e  c h a r a c -  

t e r i s t i c s  n e a r  t h e  s u r f a c e  a r e  g r o s s l y  a l t e r e d  by d i f f u s i o n  c o a t i n g s .  F a t i g u e  

l i f e  i s  changed,  and i n  t h e  c a s e  of go ld  on copper ,  t h e  l i f e t i m e  i s  i n c r e a s e d .  

Other  exper iments  have shewn t h a t  t h e  c r i t i c a l - r e s o l v e d  s h e a r  s t r e s s  i s  i n c r e a s e d  

by c o m p o s i t i o n a l  changes a t  t h e  s u r f a c e ,  A l l  t h i s  evidence and t h e  d a t a  o b t a i n e d  

i n  t h i s  p o r t i o n  of t h e  exper iments  p o i n t  t o  t h e  f a c t  t h a t  s m a l l  changes i n  s u r -  

f ace  c o n d i t i o n s  a f f e c t  t h e  d i s l o c a t i o n  n u c l e a t i o n ,  movement and m u l t i p l i c a t i o n .  

The d i f f e r e n c e  i n  y i e l d  s t r e s s  i n  bending and t h e  i n c r e a s e d  r a t e  o f  work 

hardening f o r  t h e  s u r f a c e  t r e a t e d  c r y s t a l s  i n d i c a t e  t h a t  t h e  e f f e c t s  a r e  l o n g  

ranged,  The s i g n i f i c a n t  change i n  energy l o s s  r e l a t i o n s h i p  a l s o  r e l a t e s  t o  

t h i s  c o n d i t i o n .  It i s  b e l i e v e d  t h a t  t h e  i n i t i a l  b u i l d  up of  d i s l o c a t i o n  d e n s i t y ,  

. s p e c i a l l y  n e a r  t h e  s u r f a c e ,  i s  g r e a t e r  i n  t h e  coa ted  c r y s t a l s .  T h i s  can l e a d  

t o  a  g r e a t e r  r a t e  of  i n c r e a s e  o f  work ha rden ing ;  and,  consequen t ly ,  h i g h e r  

energy l o s s e s  a t  lower accumulated s t r a i n s .  The maxima which o c c u r  i n  t h e s e  

c o n s t a n t  t o t a l  s t r a i n  ampl i tude  c y c l i n g  exper iments  a r e  a  r e s u l t  o f  t h e  i n c r e a s -  

i n g  r a t i o  of e l a s t i c  s t r a i n  energy t o  p l a s t i c  s t r a i n  energy a s  t h e  number o f  

c y c l e s  i s  i n c r e a s e d ,  T h i s  e f f e c t  should  be c h a r a c t e r i s t i c  of  a s o f t  m a t e r i a l  

t h a t  worlc ha rdens  c o n s i d e r a b l y  d u r i n g  c y c l i c  s t r a i n i n g .  Nei-erthe l e s s ,  t h e  d i s -  

placement of t h e  maxima i s  s i g n i f i c a n t ,  

T h i s  worlc h a s  uncovered s e v e r a l  e f f e c t s  which i n d i c a t e  t h a t  t h e  mechan ica l  

p r o p e r t i e s  of d i f f u s i o n  coa ted  m a t e r i a l s  can be op t imized  by u s i n g  t h e  c o r r e c t  

combination o f  t r e a t m e n t s  and m a t e r z a i s ,  However, i t  i s  impor tan t  t o  unders tand  

more of  t h e  b a s i c  p r L n c i p l e s  of  s u r f a c e  h a r d e n i n g ,  S t i l l  r e q u i r e d  a r e  s t u d i e s  

o f  the problems o f  crack development and propagation for d i f f e r e n t  s u r f a c e  con- 

i - f i t ions  and enl:ironrnents, P a r t  3.1 of t-'-" 11 i.s r epo r t  d e ~ n o r i s t : r t c l  i:!lai: f irie s t r u c t u r e  



of ~ h c ?  s t r i a t i o n s  procluced by i a i i g i ~ e  3;; r e l a t e d  tu "LC enviro~nent, A l t h o u g h  

it a p p e a r s  t h a t  nucleat iorr  of the crack is independent of t h e  environn;ent ,  i t  

is s t i l l  n e c e s s a r y  t o  c o n s i d e r  t h i s  e f f e c t  f o r  m a t e r i a l s  o t h e r  t h a n  c o p p e r ,  

Moreover, t h e  dependence of s u r f a c e  ha rden ing  on s t a c k i n g  f a u l t  energy changes ,  

s o l u t e  ha rden ing ,  accommodation d i s l o c a t i o n s ,  e t c .  must be b e t t e r  unders tood .  

The t e c h n i c a l  u s e f u l n e s s  of c o a t i n g s  on m a t e r i a l  have been demons t ra ted  

f o r  many y e a r s .  With t h e  r e c e n t  advances i n  t h e  unders tand ing  of t h e  r a l a t i o n -  

s h i p  between s t r e n g t h  of m a t e r i a l s  and s t r u c t u r e s ,  i t  i s  t h e  p roper  t ime  t o  

attern@ t o  a p p l y  some o f  t h e s e  p r i n c i p l e s  t o  t h e  problems of s u r f a c e s ,  
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Figure 2 .  Specimen chamber. 

Figure 3 ,  Transmission and const ruct ion  d e t a i l s .  
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PLANE OF SPECIMEN SURFACE 

F i g u r e  7 .  O r i e n t a t i o n  of Specimen 12. 



Figure  8. (a) S e r r a t e d  s l i p  l i n e s  between c l u s t e r s ;  
primary and c ros s  s l i p  systems a r e  
observable;  

(b) S e r r a t i o n s  a l i gned  a long  t h e  c r i t i c a l  
s l i p  system a t  A. 



Figure  9. Small g r a i n  i n c l u s i o n  i n  c r y s t a l ;  n o t e  
many s l i p  systems a c t i n g .  



Figure  10. (a) primary and c r o s s  s l i p  p lane  a c t i v i t y .  

(b) primary, c ros s  and c r i t i c a l  s l i p  p lanes  
a c t i v e .  



C 

Figure 11, (a) SEX striations; Specimen 12 

(h)  b r a i d e d  appearance of  c l u s t e r s  of 
s t r i a k i o n s ;  

(e) extrusionrs & cross  s l i p ,  13 i s  t h e  
B u ~ g e r s  vector; 

(d) h i g h e r  m a g n i f i c a t i o n  of b r a i d e d  
s t r u c t u r e ,  



Figure  12. (a)  I n t r u s i o n  va l l eys  and ex t ru s ions  ; 
ex t rus ion  & and % a r e  laminate-  
l i k e ,  

(b) h i g h e r  magni f ica t ion  of  ex t ru s ion  L - 

(e) s h o r t  i n t r u s i o n  a t  



Figure 13. (a)  Large ex t ru s ions  on primary s l i p  system 
and deformation on the  c r o s s  s l i p  system; 
t h e  e f f e c t  of combined primary and c ros s  
s l i p  i s  shown a t  4 

(b) lack of c ros s  s l i p  i n  a primary ex t ru s ion ,  g 



Figure  14. (a)  Extrusion a t  a  g r a i n  boundary; G i s  t he  
g r a i n  boundary ex t ru s ion ,  Q i s  an ex- 
t r u s i o n  on t h e  primary system 

(b) h igher  magni f ica t ion  of Q. 



Figure 15. (a) Primary s l i p  s e r r a t i o n s  and f r a c t u r e  
surface  

(b) f r a c t u r e  surface  along primary and 
cross s l i p  planes 

(c)  d e t a i l  of ext rus ion,  E, on f r a c t u r e  
surface.  



Figure 16. I n t e r s e c t i o n  between the  f r a c t u r e  surface  
and the  specimen surface;  primary s l i p  ex- 
t rus ion  and cross  s l i p  ext rus ions  a r e  v i s i b l e .  



Figure  17. I n t e r s e c t  ion between f r a c t u r e  su r f ace  and 
specimen su r f ace .  

(a)  Primary s l i p  system P and c r i t i c a l  s l i p  
system g a r e  seen 

(b) l a r g e  ex t ru s ion  extending 5u i n t o  t h e  
f r a c t u r e  su r f ace  a r e  v i s  i b l e ,  



Figure 18, (a) Frac ture  along pr imary and a secondary 
s l i p  planes 

(b) d e t a i l  of above 



Figu re  19 .  Large ex t ru s ion  on specimen su r f ace .  



- 7 
Figu re  20. Specimen 14, f a t i gued  vacuum of  10 t oo r .  

( a )  Low magni f ica t ion ;  f a t i g u e  s t r i a t i o n s  and 
s l i p  l i n e s ,  S. 

(b) another  region a t  higher  magnif icat ion.  



a t  igued 
e  s t r u c t u r e  



Figu re  22. (a) and (b) c 
two reg ions  

:omparison of c r o s s  s l i p  i n  
of t h e  specimen. 



Figure  23. Copper c rys  
l aye r .  (a)  
s t r i a t i o n s ;  
a l s o .  

t a  1 
and 
ex 

wi th  a  gold d i f f u s i o n  
(b) show very few 

t r u s i o n s  a r e  v i s i b l e  



F i g u r e  24. F r a c t u r e  edge of c o a t e d  c r y s t a l .  



Figure  25. F rac tu re  s u r f a  
(a)  Crust  l i k e  

ex% ending 

(b)  Extrusion 

e  of coated c r y s t a l  
formation a t  T ,  ex t ru s ion  
'rom below c r u s t  

.n f r a c t u r e  su r f ace  



a 
F i g u r e  26. (a) and (b) e x t r u s i o n s  from below c r u s t .  



F i g u r e  27. Cross sect ion of a c e l l  wal l  (vein).  
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Figure 28, Movement of  d ip loes  i n  c y c l i c  s t r a i n i n g ,  



NORMAL TO PLANE OF J NORMAL TO PRIMARY 
DISLOCAT1ON CELLS SLIP PLANE 

Figure 29, D e t a i l  of d i s l o c a t i o n  a c t i o n  forming 
laminated ext rus ions ,  



SLIP STRIATION 

EXTRUSIONS 

CELL WALLS 

DISLOCATION DIPOLES 
MOVING TO SURFACE 

CROSS SECTION 

Figure 30, Geometry of c e l l s  which lead t o  braided 
extrus ions  . 



Figure 31, ( a )  Effec t  of d i s l o c a t i o n  wi th  Burgers vector  
i n  plane of ext rus ion 

(b) e f f e c t  of d i s loca t ions  wi th  Burgers vector  
not  i n  t h e  plane of t h e  extrusion.  









Figure 33, OsciLboscope photographs of hysteresis Loops, 

- 57 - 



F i g u r e  34, Dynamic h y s t e r e s i s  l o o p s ,  f requency 50 cps .  








